Hematopoietic cell transplantation (HCT) following high-dose chemotherapy or chemoradiotherapy for children with malignant or nonmalignant hematologic disorders has resulted in an increasing number of long-term diseasefree survivors. The preparative regimens include high doses of alkylating agents, such as CY with or without BU, and may include TBI. These agents impact the neuroendocrine system in growing children and their subsequent growth and development. Children receiving high-dose CY or BUCY have normal thyroid function, but those who receive TBI-containing regimens may develop thyroid function abnormalities. Growth is not impacted by chemotherapy-only preparative regimens, but TBI is likely to result in growth hormone deficiency and decreased growth rates that need to be treated with synthetic growth hormone therapy. Children who receive high-dose CY-only have normal development through puberty, whereas those who receive BUCY have a high incidence of delayed pubertal development. Following fractionated TBI preparative regimens, approximately half of the patients have normal pubertal development. These data demonstrate that the growth and development problems after HCT are dependent upon the preparative regimen received. All children should be followed for years after HCT for detection of growth and development abnormalities that are treatable with appropriate hormone therapy.
Introduction
High-dose chemotherapy or chemoradiotherapy followed by hematopoietic cell transplantation (HCT) for children and young adults with malignant or nonmalignant disorders has resulted in an ever-increasing number of long-term survivors. An understanding of the impact of the preparative regimen is important to appreciate and anticipate the effect on growth and development in children after HCT. The most common regimens utilize high-dose CY given alone or in combination with BU or other chemotherapy agents such as carmustine (BCNU), melphalan, etoposide (VP-16), fludarabine or thiotepa and given with or without TBI thorocoabdominal irradiation or TLI. Both high-dose chemotherapy and irradiation therapy are known to affect the function of the neuroendocrine system, and therefore, growth and development. Endocrine gland secretions act as stimulants to promote normal growth, and normal growth and development require balanced endocrine gland function. This article discusses the effects observed to date of the agents used in HCT preparative regimens on the endocrine function and subsequent effects on growth and development in children and young adults.
Thyroid function
Normal thyroid hormone production is important for normal height growth in children. Thus, subnormal thyroid hormone production contributes to decreased height growth. Irradiation of the thyroid gland has been associated with development of compensated hypothyroidism, overt hypothyroidism, thyroiditis and thyroid neoplasms. 1 After irradiation the onset of thyroid dysfunction often begins as compensated hypothyroidism with elevated thyroid-stimulating hormone (TSH) and normal thyroid hormone production, but then may progress to overt hypothyroidism over the next several decades. Hypothyroidism contributes to decreased height growth in children.
Thyroid dysfunction and an increased incidence of benign and malignant thyroid nodules may follow neck irradiation. Thyroid function is usually evaluated with thyrotropin-stimulating hormone (TSH), thyroxine (T4) and triiodothyronine (T3) and free T4. Physical examination is an unreliable way to detect thyroid nodules, and a change in thyroid hormone levels does not distinguish between benign and malignant diseases. Ultrasound detected thyroid abnormalities in 44% of survivors of childhood cancer who received irradiation to the head and neck compared to 14% with palpable lesions. Radionuclide scans confirmed the ultrasound findings in 87% of cases.
2 Some report thyroid malignancy occurring between 1.5 and 6.0 years after irradiation therapy, whereas others suggest a latency period for up to 40 years with a peak incidence occurring 15-25 years after irradiation exposure of 2-5 Gy. 3 Studies from the Chernobyl accident indicate that children are much more susceptible to the carcinogenic effects of irradiation of the thyroid than older individuals. 4 Thus, children who have received TBI or TLI in their HCT preparative regimens are at risk for development of thyroid neoplasms.
Results from reported studies (Table 1 ) demonstrate that the majority of patients prepared with chemotherapy-only preparative regimens have normal thyroid function. Compensated hypothyroidism and overt hypothyroidism often occur after TBI or TLI regimens (Table 1) . [5] [6] [7] A recent report 5 found that factors associated with hypothyroidism were patient age o9 years, single-dose TBI and HCT in second complete remission. Fractionated TBI appears to result in a lower incidence of thyroid abnormalities, but follow-up is shorter for this group of children and development of thyroid dysfunction, and thyroid malignancies may be delayed several decades.
All patients who develop overt hypothyroidism should receive therapy with thyroxine managed by a pediatric endocrinologist. The benefit of thyroid replacement therapy in patients with compensated hypothyroidism remains controversial. Papillary carcinoma, toxic goiter and an adenoma have been observed between 4 and 14 years in six children after 10.0 Gy single-exposure TBI and in at least five others after exposure to fractionated TBI. 8 All patients had abnormal thyroid function and none were treated with thyroid hormone. The adenoma was found at autopsy, but the others were treated successfully with thyroidectomy or radioactive iodine thyroid ablation. All patients who have received TBI or TLI should be examined annually with tests of thyroid function and perhaps ultrasound.
Growth
Linear growth is a finely regulated phenomenon that results from interaction of genetics, nutrition, hormones, metabolism and cerebrocortical influences. In infancy growth is largely determined by nutrition and metabolic factors, but in childhood growth is largely influenced by growth hormone (GH) and in puberty by the synergistic action of GH and sex steroids. Thus, GH has a major role in the height growth process.
The impact of GH deficiency on subsequent growth in the HCT population is difficult to determine since GH studies have not been performed consistently. Data are therefore difficult to interpret as to whether intensive chemotherapy regimens with or without CNS irradiation are associated with persistent growth impairment because only growth rates are usually reported. 9 These and other studies suggest that recipients of chemotherapy HCT preparative regimens only without cranial irradiation have height losses that are less than observed after HCT using TBI-containing preparative regimens. [10] [11] [12] Irradiation to the central nervous system (CNS) has been associated with GH deficiency, which appears to be related to the child's age at the time of irradiation, the irradiation dose received, and the length of time lapsed after completion of irradiation. 13 When children referred for HCT have received 18-24 Gy CNS irradiation prior to referral and TBI is included in their preparative regimen, their total CNS irradiation dose exceeds the estimated threshold of 30 Gy for development of GH deficiency. 14 GH deficiency may develop within 2-3 years after receiving this total dose of CNS irradiation, whereas GH deficiency may not develop in patients who receive lower doses of CNS irradiation for up to 5-10 years. Thus, it may be anticipated that nearly all children who have received CNS irradiation in addition to TBI or as TBI are likely to develop GH deficiency, but for some who receive only TBI, the GH deficiency may not develop until after their growth period, depending on their age at TBI.
Following a preparative regimen with high-dose CYonly, normal growth rates and height s.d. have been observed. 15, 16 BU, an alkylating agent frequently combined with CY in preparative regimens, is an agent that affects dividing cells as well as nondividing cells and crosses the blood-brain barrier. The effect of BU on growth appears to depend on patient age at the time of transplant with younger children (o8 years) having normal growth and those older (X8 years) not appearing to achieve their genetic height potential. [16] [17] [18] The European Group for Blood and Marrow Transplantation reported final height to be À0.3971.16, 16 and we have observed the final height s.d. score to be À0.3 to À0.4 (71) s.d. or height at a mean of the 30th percentile.
Growth impairment after TBI preparative regimens has been well documented. 15, 19, 20 Children given single-exposure TBI usually have been the group with the greatest incidence of growth rate impairment which often has been associated with decreased GH production. Fractionated TBI is also associated with decreased growth rates and decreased height s.d. scores. [21] [22] [23] Patients who received CNS irradiation prior to TBI had height s.d. scores that were less than those who had not received CNS irradiation. [24] [25] [26] Patient age at transplant has been noted to be a significant factor in predicting final height since children less than 10 years of age at transplant have the greatest risk for growth failure and significantly decreased adult height. Boys also appear to be at greatest risk of growth failure compared with girls.
GH stimulates growth of epiphyseal cartilage and subsequent bone growth directly by action of insulin-like growth factor I (IGF-1). When insufficient GH is produced, growth velocity and bone maturation are delayed and the divergence of the growth rate from normal increases with age unless replacement therapy is administered. The total height gained from GH therapy is inversely Table 1 Thyroid function after hematopoietic cell transplant related to patient age at the start of GH treatment and positively related to the duration of therapy. Treatment with GH before the child's height has decreased to below the third percentile (XÀ1.8 s.d.) results in the greatest final height response to treatment. Growth before puberty is the major determinant of final height, therefore treatment with GH during the prepubertal period needs to be optimized. GH has additional beneficial effects for the growing child in addition to height growth. Studies in children with GH deficiency have shown that GH deficiency-associated reduced bone turnover is reversed with GH therapy. 27 Because the foundation for skeletal health is established in childhood, prevention of decreased bone mineral density begins by optimizing gains in bone mineral acquisition throughout childhood. Although bone health among children after HCT has not been well studied, one report shows that the effect of GH and bisphosphonate therapy on bone mineral density resulted in an improvement in bone mineral density among those treated with GH and bisphosphonate compared to those who received GH without bisphosphonate. 28 The incidence of GH deficiency after TBI and HCT varies from 20 to 85% depending upon differences in time of testing after HCT, differences in preparative regimen received, inclusion of patients with and without cranial irradiation and use of different methods of GH testing. 20, [29] [30] [31] Even though GH deficiency has been observed, less than half have received GH therapy. Many investigators felt, based on small numbers treated, short treatment durations, and treatment of older age children, that GH therapy did not benefit the children. Recent data suggests that improvements in final height can be achieved with contemporary dosing regimens that utilize daily GH doses of 0.04 mg/kg, increasing to 0.06 mg/kg at puberty. 32 One recent study shows that when a group of GH deficient children transplanted with fractionated TBI either received or did not receive GH therapy, final height was a function of the age at treatment and patient gender. 23 Male patients had the poorest growth. Figure 1 shows the final height for 42 children with GH deficiency treated with GH and 48 children with GH deficiency who were not treated with GH is influenced by age at the time of TBI and at time of treatment with GH. 23 This study demonstrated that children 2-10 years of age who were treated with GH had significantly better final height than children in the same age group not treated with GH. In contrast little benefit in height growth was present among GH-treated children who were older than 10 years at transplant. This study also showed no untoward or unexpected side effects related to GH therapy (Figure 1) .
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Evaluation of the child with decreased height growth includes an accurate measurement of height using the Harpenden stadiometer, a measurement of bone age and two measurements of GH secretion ( Table 2) . The determination of who should be treated and management of treatment with GH is best done by a pediatric endocrinologist for it involves monitoring not only of growth but also the toxicities associated with GH administration, including management of other endocrine hormone functions. Who to treat with GH is also complex and involves considerations of height growth per interval of time (for example, every 6 months), genetics and results of bone age, GH testing. Treatment of the appropriate patients with GH is beneficial, however, because of improvements in final height. 23 
Puberty
The transitional stage when the individual matures from a sexually immature individual to a sexually mature individual is known as puberty. This stage is accompanied by substantial changes in gonadal and GH activity, development of secondary sexual characteristics and increased growth velocity. The timing and sequence of these pubertal events varies between individuals, which makes it not possible to assess a child's pubertal development based only on chronological age. Normally, pubertal development is closely related with osseous maturation measured by bone age. The initiation and completion of puberty requires an intact hypothalamic-pituitary-gonadal axis. The normal pubertal growth rate is approximately 1.5-2 times greater than the prepubertal growth rate. 33 When the pubertal sex hormone secretion is absent, the increased growth velocity associated with the pubertal growth spurt is substantially blunted and the development of secondary sexual characteristics is delayed or absent. Sex hormones indirectly stimulate linear growth by increasing endogenous GH secretion. 34 This leads to increasing circulating and tissue levels of IGF-1, which activates growth at the level of bone and cartilage. Thus, treatment with low-to-moderate doses of sex hormones may promote increased height growth, while physiological adult doses of sex hormones will likely result in a greater influence on skeletal maturation with compromise in final adult height. Children with hypogonadotropic hypogonadism have an absence of sex hormone production, delayed puberty, delayed pubertal growth spurt and a decrease in final adult height. 35 As shown in Table 3 , the pubertal development of those children who received CY-only preparative regimen is essentially normal, whereas those who received BUCY preparative regimen have delayed development. Table 3 also shows the pubertal development of children who received either 10 Gy single-exposure TBI or 12-15.75 Gy fractionated exposure TBI. As can be seen, approximately half of the children developed normally through puberty after fractionated TBI, whereas substantially less developed normally through puberty after single-exposure TBI.
It is recommended that the pubertal development of children who have received a hematopoietic cell transplant be monitored carefully after patients reach a chronological age of 10-11 years. Tanner Developmental Scores should be determined annually. Children with evidence of gonadal failure and delayed pubertal development will likely benefit from the use of supplemental hormones administered with the guidance of a pediatric endocrinologist. Doses of sex hormone therapy should begin low with gradual increase to simulate natural hormone production and to prevent premature advancement of bone age and to promote the pubertal growth spurt. Patients with normal pubertal development, normal gonadotropins and sex hormone production should receive appropriate sexual behavior counseling as pregnancy could occur.
Conclusions
Endocrine function evaluations following HCT demonstrate that the occurrence of abnormalities may influence the child's growth and development and are related to the type of HCT preparative regimen received. Children who receive CY-only preparative regimen usually do not have endocrine function abnormalities, but individuals who receive BUCY preparative regimens are likely to have pubertal developmental problems. Children who have received TBI-based preparative regimens may have thyroid function abnormalities, growth and GH abnormalities as well as delayed pubertal development.
